an inner (less peripheral) flanker at the same distance from the target. Moreover, the critical distance can be modulated by attention, learning as well as details of the stimuli and tasks.
Does crowding occur under natural viewing conditions?
Crowding is not simply a laboratory phenomenon that occurs only when vision is stretched to the limit, it also occurs with natural scenes. The photo shown in Figure 1C , shot by David Whitney, demonstrates strong crowding in natural scenes. If you stare at the bull's eye in Figure 1C , I think you'll find that the boy on the right hand side is easy to see, while the boy on the left is difficult or impossible to recognize because of the nearby construction signs. We suspect that clutter is a common feature in visual scenes.
Why is crowding interesting?
Crowding represents an essential bottleneck, setting limits on object perception, eye movements, visual search, reading and perhaps other functions in peripheral, amblyopic and developing vision. Crowding impairs the ability to recognize and respond appropriately to objects in clutter. Thus, studying crowding may lead to a better understanding of the processes involved in object recognition. Crowding also has important clinical implications for patients with macular degeneration, amblyopia or dyslexia. There's been a renewed interest in crowding in the past few years, yielding a more sophisticated understanding of the phenomenon itself as well as of the processes involved in object recognition and reading.
What happens to crowded objects?
Crowded objects don't simply disappear, as might be expected if crowding was a disruptive process that suppressed their signals. Crowding has little or even no effect on detection of a feature or object. Figure 1 provides the reader an opportunity to experience crowding directly, and it is obvious that crowding does not result in reduced apparent contrast -rather, crowded objects are perceived as having high contrast but are indistinct or jumbled together. Another feature of crowding is that position information is lost,
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What is crowding? Crowding is the curious phenomenon in which objects that can be recognized when viewed in isolation are rendered unrecognizable in clutter. Crowding is ubiquitous when 'seeing sidelong', as Lettvin (1976) described peripheral vision. Figure 1A provides a simple illustration: when looking directly at the plus, the isolated letter N on the right is easily read, while the same letter N in the word 'AND' is quite difficult. Interestingly, the viewing distance doesn't matter much, as changing the viewing distance scales both the size (and spacing) of the letters and their eccentricity. Of course, it is well known that visual acuity is reduced in peripheral vision. The threshold size for an isolated letter in peripheral vision may be as small as ~1/50 of the eccentricity; however, for recognition to be unimpaired, the critical distance between neighboring letters may be as large as ½ of the eccentricity. Crowding is not restricted to letters -it occurs with a wide range of objects, including faces and shapes.
More than 40 years ago, Herman Bouma reported that the distance over which crowding occurs (the critical distance) is proportional to the eccentricity of the target. This proportionality is sometimes referred to as Bouma's Law. One implication of this 'law' is that the critical distance represents a fixed distance on the cortex because of the logarithmic conformal mapping of the visual world onto the retinotopic visual cortex. In this view, objects can only be recognized when they are sufficiently separated on retinotopically organized cortex. Crowding is probably not so simple, however, because the critical distance depends on the orientation of the target and flankers and their location in the visual field. It is larger when the target and flankers are arranged along an axis that is radial to the fixation target than one that is arranged orthogonally (Figure 1B) , and, surprisingly, an outer (more peripheral) flanker is more potent than Quick guide so observers frequently mistakenly report a flanker instead of a target. These errors have been attributed to a noisy stimulus representation, with both object and positional uncertainty under crowded conditions. Parkes and colleagues (2001) showed that, while observers are unable to correctly report the orientation of an individual target under conditions of crowding, they can reliably report the average orientation, suggesting that the local orientation signals are combined rather than lost. Their remarkable demonstration led to the widely held notion that crowded signals undergo a form of pooling or averaging of signals, rather than being lost or suppressed. This inappropriate pooling or ensembleprocessing of the target and flanker signals forms the basis of the 'faulty integration' theory. (2001) considered pooling to be compulsory, crowding doesn't always take place when a peripheral target is viewed in clutter. Under certain circumstances, crowding may be reduced or released completely. For example, when targets and flankers are dissimilar in shape, size, color or depth, the target can 'pop out' and crowding is reduced ( Figure 1D ). Similarly, if there are multiple flankers that group together separately from the target, crowding may be reduced. Thus, crowding might be thought of as a failure of the visual system to segregation the target from surrounding objects. Moreover, one can easily detect a change in a cluttered target, when the target location is cued.
Is crowding compulsory? Although Parkes and colleagues
Crowding also depends on visual awareness -that is, the accuracy of target identification depends on the number of flanking letters that are perceived on a given trial, rather than on the number that are physically present.
What is the neural locus of crowding? Simply put, we don't know. We can localize crowding to the visual cortex, perhaps as early as area V1, but we can't be much more specific than that. Crowding does not reside in the eyeball, because it can occur when the target is presented to one eye and the flanks to the other, so crowding must occur at or beyond the site of binocular combination (cortical area V1). Several visual areas downstream from V1 have been suggested as sites of crowding, but there is little evidence to strongly support one over another. However, crowding is modulated by stimulus similarity, context, and attention, so rather than being localized to a single part of the brain, it may occur at several stages in the visual hierarchy.
Are there models that can explain crowding? In order to understand crowding, we need a model for peripheral vision as a starting point. A promising recent approach is based on the notion that the visual system represents peripheral targets by the joint statistics of responses of neurons that are sensitive to different features of the stimulus array, such as their positions, orientations, sizes, etc. These joint statistics are computed over a local 'pooling' area, resulting in a 'texture-like' representation (Balas et al. 2009 ). The putative local pooling regions overlap, tile the visual field, and grow with eccentricity.
Pooling of image statistics results in information loss and can lead to the jumbled, 'textural' representation of peripheral stimuli. To the extent that peripheral vision is based on statistical inference, crowding may simply be a regularization process that results in a consistent appearance (a uniform texture) amongst neighboring objects. Whether this pooling occurs 'preattentively' or by attentional mechanisms, and where it occurs in the brain, is the subject of much current research and debate. The key to successfully modeling crowding will ultimately depend on a better understanding of the pooling process, and how it interacts with image segregation, attention and learning. (A) Crowding renders a target that is easily recognized in isolation unrecognizable. When looking directly at the plus, the isolated letter N on the right is easily read, while the same letter N in the word 'AND' is quite difficult. (B) Crowding is anisotropic, that is, it depends on the arrangement of target and flankers. When looking directly at the plus, the N on the right, flanked by letters above and below, is easier to recognize than the N on the left flanked by letters arranged along an axis that is radial to the fixation target. (C) Crowding occurs in natural scenes. When fixating the bull's eye, the boy on the right hand side is easy to see, while the boy on the left is difficult or impossible to recognize because of the nearby construction signs. (Reproduced from Whitney and Levi (2011) .) (D) Crowding depends on similarity. When looking directly at the plus, the red N on the right, with green flankers, pops out and is easily read, while the same letter N on the left, with red flankers, is difficult to recognize.
